Abstract. Small cell lung cancer (SCLC) is one of the intractable malignancies. The goal of this study was to clarify whether Akt activity is involved with chemo-resistance and to improve the sensitivity of SCLC cells to the current standard chemotherapeutic drugs with agents that are expected to suppress Akt activity through tyrosine kinase inhibition. Although Akt activity seemed to be involved with the sensitivity of SCLC cells to chemotherapeutic agents (cisplatin, etoposide, SN38 and amrubicin), in Akt-activated N417 cells, only amrubicin exerted synergistic cell growth inhibition when combined with an Akt inhibitor, LY294002. A non-specific tyrosine kinase inhibitor, genistein, suppressed Akt and showed synergistic interaction in combination with amrubicin in N417 cells. Among tyrosine kinases (insulin-like growth factor I receptor, c-Kit and c-Src), only c-Src was activated in N417 cells compared with Akt-inactive H209 cells. A c-Srcspecific inhibitor, PP2, and a clinically available multi-tyrosine kinase inhibitor, dasatinib, suppressed Akt activity in parallel with c-Src inhibition. Both PP2 and dasatinib exerted synergistic growth inhibition of N417 cells in the combination with amrubicin. In immunohistochemical analysis, c-Src was expressed in 17 of 19 of the SCLC tumor tissues. These observations suggested that Akt suppression enhances the cytotoxicity of amrubicin, and for the purpose of Akt suppression, c-Src is a promising target in SCLC.
Introduction
Lung cancer is a common fatal malignancy in the world. Small cell lung cancer (SCLC) accounts for 13 to 20% of lung cancer cases and is characterized by rapid progression and metastasis (1) . Most patients with SCLC show favorable responses to first-line chemotherapy. A combination chemotherapy of cisplatin (CDDP) and etoposide (VP16) or irinotecan is currently a standard first-line chemotherapeutic regimen (2, 3) and the response rate to these treatments is >80% (2) . Despite these very good responses to first-line chemotherapy, recurrence after a short term is frequent in patients with SCLC (4) and these patients will require second-line treatment with a topoisomerase I inhibitor, topotecan (5, 6) , or a totally synthetic 9-amino-anthracycline, amrubicin (AMR) (4, 7) . However, even with these clinically available drugs, the prognosis of patients with SCLC is poor (8) . Accordingly, novel drugs that are effective against SCLC or new treatment strategies are needed to improve the therapeutic outcome of SCLC.
Recent research has provided evidence that several alterations in intracellular signaling are involved in the development of cancer and tumor progression (9) . The phosphatidylinositol 3-kinase (PI3K)/Akt (also known as protein kinase B) pathway is one of the best-studied pathways and is believed to be a potential target of cancer therapy (10) . As a biological function, the proliferative and anti-apoptotic effects of Akt-mediated signaling have been established through extensive studies (11, 12) . Phosphorylated Akt was detected in 68% of the tumor specimens from SCLC patients (13) , suggesting a high incidence of activated PI3K/Akt pathway in SCLC cells. Activated Akt is also proposed to contribute to increased resistance to radiation and chemotherapy in SCLC cells (14) . Accordingly, the suppression of activated Akt may be a strategy to overcome drug resistance and to improve the treatment outcome in SCLC.
In general, the PI3K/Akt pathway is regulated by growth factors and their receptor tyrosine kinases. In SCLC, c-Kit and its ligand, stem cell factor, have attracted much attention as therapeutic targets that regulate intracellular signals, including the PI3K/Akt pathway (15) . Unfortunately, however, imatinib, which inhibits c-Kit, failed to show clinical benefits as a single agent or in combination with other conventional chemotherapeutic agents (16) (17) (18) In the process of assessing the association between Akt activity and sensitivity to conventional cytotoxic drugs in SCLC cells, we found that activated Akt is strongly related to AMR resistance and synergistic cell growth inhibition by the combination of AMR and Akt-suppressing agents. Furthermore, Akt activity was effectively suppressed by c-Src inhibitors, including a clinically available multi-tyrosine kinase inhibitor, dasatinib. In the present study, we describe the potential of c-Src as a molecular target in the treatment of SCLC.
Materials and methods
Chemicals and reagents. Amrubicin (a gift from Nippon Kayaku Co., Ltd., Tokyo, Japan) was dissolved in distillated water and stored at -20˚C. A stock solution of CDDP (a gift from Nippon Kayaku Co., Ltd) was reconstituted with water, diluted in 0.9% sodium chloride solution and stored at -20˚C. VP16 (Wako Pure Chemical Industries, Ltd., Osaka, Japan); an active metabolite of irinotecan, 7-ethyl-10-hydroxycamptothecin (SN38) (a gift from Daiichi Sankyo Co., Ltd., Tokyo, Japan); BMS-354825 (dasatinib) (a gift from Bristol-Myers Squibb, New York, NY); 2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002) (Sigma-Aldrich Japan, Tokyo, Japan); 4',5,7-trihydroxyisoflavone (genistein); and 4-amino-5-(4-chlorophenyl)-7-(tbutyl)pyrazolo [3, 4-d] pyrimidine (PP2) (Calbiochem, San Diego, CA) were dissolved in dimethyl-sulfoxide and stored at -20˚C. 3-(4,5-dimethyl-thiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) (Wako Pure Chemical Industries, Ltd) was dissolved in phosphate-buffered saline (PBS) and stored at -20˚C.
Cells. The human SCLC cell lines N417, H209 and H69 were provided by Dr A.F. Gazdar and Dr H. Oie (NCI-Navy Medical Oncology Branch, NIH, Bethesda, MD). All cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin). These cells were grown in a humidified atmosphere of 5% CO 2 -95% air at 37˚C.
MTT assay. The cell growth inhibition by chemotherapeutic agents was determined by an MTT assay. Cells were counted with a hematocytometer, and 3x10 4 cells were incubated in 100 μl of medium containing the indicated drugs for 72 h using 96-well flat-bottom multiplates (Nalge Nunc International K. K., Denmark). After 72 h, 20 μg of MTT in 10 μl PBS was added to each well and incubation was performed for an additional 4 h. Thereafter, 100 μl of 0.04 N HCl in 2-propanol was added and the multiplates were incubated overnight to solubilize the MTT formazan crystal. The absorbance of each well was measured at a 570-nm wavelength (reference 650 nm) using a scanning multi-well spectrophotometer (MPR A4i, Tosoh Co., Tokyo, Japan).
Isobologram analysis. The combination effect of the indicated agents was analyzed by isobologram analysis, as described previously (19) . We used the concentration producing 50% inhibition of cell growth (IC 50 ) to evaluate dose-response interactions.
Cell lysis, immunoprecipitation and Western blot analysis.
Cells were lysed in a modified radioimmune precipitation buffer (1% Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate, 100 mM NaCl, 10 mM Tris-HCl, pH 7.5, 2 mM EDTA, 10 μg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 10 mM NaF, 40 mM ß-glycerophosphate and 2 mM Na 3 VO 4 ) and insoluble material was removed by centrifugation. Protein concentration was determined by means of a Bio-Rad Protein assay (Bio-Rad, CA) and lysates containing 50 μg of total cellular protein or immunoprecipitates with the indicated antibodies were analyzed by Western blotting after SDS-polyacrylamide gel (10%) electrophoresis and transferred to a membrane (GE Healthcare UK Ltd). The membrane was blocked in PBS with 0.05% Tween-20 (PBST) containing 4% bovine serum albumin (BSA) for 1 h at 4˚C.
After blocking, the membrane was incubated in primary antibody (1X PBST, containing 4% BSA, 1:1,000 antibody) overnight at 4˚C. The membrane was then washed three times with PBST. The immunoblots were incubated for 1 h in a 1:20,000 dilution of goat anti-rabbit or anti-mouse IgG coupled with horseradish peroxidase as a secondary antibody (Cell Signaling Technology) in PBS and then washed three times with PBST. Finally, each protein was detected using an enhanced chemiluminescence detection system (ECL, GE Healthcare UK Ltd). Antibody against Akt, phospho-Akt (Ser473), c-Kit, insulin-like growth factor I receptor (IGF-IR) and phospho-Src-family (Tyr416) were purchased from Cell Signaling Technology. Anti-c-Src (B12) antibody was purchased from Santa Cruz Biotechnology. Anti-phosphotyrosine antibody (4G10) was purchased from Upstate Biotechnology. Anti-ß-actin antibody was purchased from Sigma, Tokyo, Japan.
Immunohistochemical analysis. Nineteen human SCLC tissue samples were obtained from surgeries performed between 1980 and 2005 at Matsue National Hospital, Matsue, Japan. None of the patients had received preoperative therapies. Resected specimens and cells from the N417 cell line were fixed in 10% neutral-buffered formalin and embedded in paraffin. The sections (3 μm) were dewaxed, rehydrated and then immersed in 0.6% hydrogen peroxide in methanol for 30 min to block endogenous peroxidase. Heat pretreatment was used for antigen retrieval. Non-specific binding of the primary antibody was blocked by incubating the slides in the blocking serum for 20 min. The slides were incubated with the primary antibody, anti-Src rabbit monoclonal antibody (1:800; Cell Signaling Technology, Inc.), at 4˚C overnight. The immunoreaction was visualized with 3,3'-diaminobenzidine. The staining results were measured semiquantitatively on a scale of 3+, 2+, 1+ and 0. To qualify as 3+, 2+ and 1+, immunoreaction of 100%, ≥70% or <70% of tumor cells had to be observed, respectively. The semiquantification was evaluated by two independent pathologists.
Results

Synergistic cell growth inhibition by the combination of AMR
and Akt inhibitor in N417 cells. N417, H69 and H209 cells were treated with various concentrations of CDDP, VP16, SN38 and AMR for 72 h and IC 50 of each cell for each drug was determined by MTT assay. In each drug, the IC 50 was high in the order of N417, H69 and H209 cells (Fig. 1A) . Because the activation of Akt is known to promote drug resistance of cancer cells to chemotherapeutic agents (20) , we examined the phosphorylation state of Akt in these three cell lines by Western blot analysis. The phosphorylation state of Akt was high in the order of N417, H69 and H209 cells (Fig. 1B) . To evaluate the function of Akt in drug sensitivity of SCLC cells, we tested the interaction between an Akt inhibitor, LY294002, and chemotherapeutic agents in Akt-activated N417 cells. Fifty micro-molar of LY294002 effectively suppressed Akt phosphorylation ( Fig. 2A) and up to this concentration of LY294002 was used to evaluate drug interaction. As shown in Fig. 2B , the combination of LY294002 and AMR exerted synergistic cell growth inhibition in N417 cells, whereas only additive interactions were observed in the combination of LY294002 with CDDP, VP16 or SN38.
Effects of a tyrosine kinase inhibitor on Akt activity and drug interactions with AMR in N417 cells.
To clarify the mechanism by which Akt is activated in N417 cells, we compared the pattern and intensity of tyrosine-phosphorylated proteins between N417 and H209 cells using 4G10 antiphospho-tyrosine (PY) antibody. Expression of tyrosinephosphorylated proteins was higher in N417 cells than in H209 cells and the pattern of tyrosine-phosphorylated proteins was different between these cells (Fig. 3A) . Furthermore, a non-specific tyrosine kinase inhibitor, genistein, concentration-dependently suppressed Akt activity in the concentration range <200 μM (Fig. 3B) . Genistein at these concentrations showed synergistic growth inhibition of N417 cells in the combination with AMR (Fig. 3C) . These 
Effect of c-Src inhibitor on Akt activity and drug interaction with AMR in N417 cells.
In previous studies, it has been proposed that the autocrine loop performs an important function in the proliferation of SCLC cells (21) . c-Kit, IGF-IR and c-Src are reported as tyrosine kinases that participate in the autocrine loop of SCLC cells (21) . To seek what tyrosine kinase is activated in N417 cells, we evaluated the expression or the activation states of IGF-IR, c-Kit and c-Src by Western blot analysis, comparing the results with those in H209 cells. Although IGF-IR was expressed in N417 cells at a level comparable to that in H209 cells, the phosphorylation level in N417 cells was extremely low (Fig. 4A ) and the expression of c-Kit was hardly detected in N417 cells in comparison with H209 cells (Fig. 4B ). c-Src was expressed in both cell lines, but judging from phosphorylation (Tyr416) it is more active in N417 than in H209 cells (Fig. 4C) . To confirm the link between c-Src and Akt activity, we utilized a c-Src kinase inhibitor, PP2, which effectively suppressed Akt phosphorylation in parallel with the inhibition of c-Src activity in N417 cells (Fig. 5A) . Furthermore, similar to LY294002 and genistein, PP2 showed synergistic growth inhibition of N417 cells in the combination with AMR (Fig. 5B) .
Considering c-Src-targeted therapy in the treatment of SCLC, we examined the effect of dasatinib, which is a clinically available c-Src inhibitor (22) , on c-Src and Akt activity, and the drug interaction of dasatinib with AMR in N417 cells. As expected, like PP2, dasatinib inhibited the phosphorylation of c-Src and Akt in parallel (Fig. 5C ) and exerted synergistic cell growth inhibition in the combination with AMR in N417 cells (Fig. 5D ). Fig. 6D) . Immunoreaction for c-Src was 
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not found in histologically normal lung tissues. N417 cells also showed clearly membranous immunoreaction (Fig. not  shown) .
In addition, we attempted to assess c-Src activity in tumors using active form-specific anti-phospho-Src antibody. In spite of clear detection of phospho-Src in Western blot analysis, we could not detect this active form of c-Src in a cell block of N417 cells fixed in formalin and embedded in paraffin as a positive control or in tumor samples (data not shown), suggesting that usual procedures for pathological diagnosis are not suitable for the detection of phospho-Src.
Discussion
Our goal in this study was to clarify whether Akt activity is related to chemo-resistance and to improve the sensitivity of SCLC cells to the current standard cytotoxic agents with potential molecular-targeted drugs that are expected to suppress Akt activity through tyrosine kinase inhibition. We found that Akt activity is strongly related to the sensitivity to AMR among standard chemotherapeutic agents tested in N417 cells. Furthermore, our observations in this study suggest that inhibition of c-Src, which is often highly expressed in SCLC tumors, leads to Akt suppression and c-Src-suppressing agents, including dasatinib, interact synergistically with AMR.
Using three SCLC cell lines with three different levels of Akt activity, we compared IC 50 for representative chemotherapeutic agents and assessed the growth inhibitory interaction between these drugs and the Akt inhibitor LY294002. Although IC 50 for all chemotherapeutic agents tested seemed to be positively correlated with Akt activity, judging from isobologram analysis, we observed a synergistic interaction of LY294002 in combination with AMR, but not with CDDP, VP16 or SN38 in N417 cells. These observations suggest that Akt inhibition may enhance the cytotoxicity of chemotherapeutic agents in a drug-specific manner. Since tyrosine kinases are major upstream regulators of Akt activity, it is expected that suppression of tyrosine kinase activity will lead to Akt inhibition (23, 24) . Indeed, there is a clear difference in pattern and intensity of tyrosine-phosphorylated proteins between Akt-activated N417 and Akt-inactive H209 cells. Furthermore, a non-specific tyrosine kinase inhibitor, genistein, suppressed Akt activity in N417 cells and exerted synergistic growth inhibitory activity in the concentration range of Akt inhibition when combined with AMR. These observations strongly support the possibility that suppression of certain tyrosine kinases leads to Akt suppression and enhances AMR cytotoxicity.
Several tyrosine kinases are proposed to be candidates as target molecules in the treatment of SCLC (25) . They include c-Kit, IGF-IR and c-Src (21, 25) . Among them, only c-Src was more activated in N417 cells compared with H209 cells. A specific inhibitor of c-Src, PP2, and a Src family kinaseinhibiting multi-tyrosine kinase inhibitor, dasatinib, effectively suppressed Akt activity in parallel with c-Src inhibition, indicating that c-Src is one of the important upstream tyrosine kinases of Akt in N417 cells.
Although we evaluated the association between Akt and c-Src activity only in N417 cells under normal culture conditions, there is evidence indicating that c-Src functions in the autocrine and paracrine loops in other SCLC cell lines. For example, c-Src activity is essential for stem cell factor-induced mitogen-activated protein (MAP) kinase activation in H526 cells (26) . PI3K/Akt and c-Src are activated by polypeptide growth factors such as stem cell factor, and inhibition of c-Src leads to the suppression of stem cell factor-induced PI3K/Akt activation in H69 cells (24) . Several neuropeptides such as gastrin-releasing peptide and bradykinin are proposed to act through the autocrine growth loop in SCLC (27) and these neuropeptides activate c-Src and another tyrosine kinase, Pyk2, through G-protein-coupled receptor in H69 and H510 cells (21) . Activation of c-Src leads to Akt stimulation (24) . Accordingly, given the autocrine mechanism and c-Src expression in SCLC tumors, Akt should be activated through c-Src in vivo.
In terms of c-Src expression in SCLC tumors, we found this protein in 17 out of 19 samples in immunohistochemical analysis. The detection of c-Src in SCLC tumors is significant, since surgical resection of SCLC is extremely rare. Regarding c-Src expression, to our knowledge there is only one study in which c-Src protein was found in 4 out of 4 cases of SCLC (28) . Considering all of these findings, it is valid to propose that c-Src is a promising molecular target in the treatment of SCLC because of its frequent aberrant expression and putative activation in the autocrine loop.
Considering c-Src-targeted therapy as a possible treatment of SCLC, our observations in this study may be useful. At present, specific inhibitors for Akt or c-Src are not clinically available, whereas dasatinib is utilized in the treatment of chronic myelogenous leukemia (CML) (29) and gastrointestinal stromal tumors (GIST) (30) , and potently inhibits c-Src activity in addition to Bcr-Abl, c-Kit and platelet-derived growth factor receptor (PDGFR) at a clinically achievable concentration (31) . Thus, we propose dasatinib as a clinically available c-Src inhibitor in the therapeutic strategies for treating SCLC. Furthermore, even though imatinib is not effective against SCLC (16, 17, 32) , this does not necessarily mean that the c-Kit-mediated intracellular signal is not functioning in SCLC in vivo. There is a possibility that c-Kit as one of the tyrosine kinases in SCLC is activated, and simultaneous inhibition of c-Kit and c-Src by dasatinib might lead to more effective suppression of intracellular signals including Akt.
Retinoblastoma (Rb) protein is deficient in a majority of SCLC cases (33, 34) . It is possible that this mutational inactivation of Rb makes MAP kinase activation dispensable for the growth of SCLC (35) . Since the suppression of Akt inhibits cell proliferation, at least partially, through Rb activation (23) , Akt inhibition by tyrosine kinase inhibitor may not be sufficient for tumor growth suppression in Rb-deficient SCLC. In this case, the combination of an Akt-suppressing agent and a conventional cytotoxic drug is postulated. Aktsuppressing agents (i.e., LY294002, genistein, PP2 and dasatinib) consistently interacted with AMR synergistically in this study. The suppression of Akt is reported to enhance the cytotoxicity of doxorubicin in other systems (36, 37) . These observations suggest that AMR is a suitable cytotoxic drug for the combination with an Akt-suppressing agent including c-Src inhibitors in the treatment of SCLC.
Recently, several tyrosine kinase inhibitors were introduced for the treatment of malignant tumors and provided clinical benefits. Although a number of potential molecular targets including tyrosine kinase are listed in SCLC (25) , molecular targeted therapy remains to be developed in the treatment of SCLC.
In conclusion, we propose that Akt suppression enhances the cytotoxicity of AMR and for the purpose of Akt suppression, c-Src, which is aberrantly expressed, is a promising target in SCLC.
